Abstract. Malignant glioma is the most common type of cancer in the central nervous system, with highly invasive characteristics. The Rho-associated protein kinase (ROCK1) has been found to act as key regulator of actin cytoskeleton reorganization, a process closely associated with cancer cell invasion. microRNA-145 (miRNA-145) has been recently shown to act as a suppressor in several types of tumor, including glioma. However, the exact regulatory mechanism by which miR-145 inhibits glioma still remains to be uncovered. In this study, we report that the miR-145 level was significantly reduced in glioma tissues and in the human glioma cell lines U87 and U251, as compared to matched adjacent and normal brain tissues. We then identified the ROCK1 gene as a novel target of miR-145. The expression of ROCK1 was markedly upregulated in glioma tissues, as well as in U87 and U251 cells. Moreover, miR-145 significantly inhibited ROCK1 protein expression in U87 cells. We further show that miR-145 transfection considerably reduced the invasive ability of U87 cells, and was accompanied by the downregulation of matrix metalloproteinase 2 and 9, an effect which could be attenuated by overexpression of ROCK1. In conclusion, the present study suggests that miR-145 can inhibit U87 glioma cell invasion, at least partially via downregulation of the RhoA/ROCK1 pathway. In conclusion, this is the first study to report that ROCK1, as a novel target of miR-145, acts as a positive regulator of glioma cell invasion. Therefore, ROCK1 may constitute a promising target for glioma treatment.
Introduction
Malignant glioma is the most common type of cancer in the central nervous system, with highly invasive characteristics (1) . Research on malignant glioma invasion has recently gained considerable interest; however, the exact molecular mechanisms underlying malignant glioma invasion remain unclear, mainly since invasion involves a variety of complex processes, as well as regulatory mechanisms (2, 3) . microRNAs (miRNAs) are a type of endogenous non-coding RNA. They can regulate gene expression through binding to the 3'-untranslated region (3'-UTR) of target mRNAs, resulting in either mRNA degradation or translational repression (4) . Therefore, miRNAs generally act as endogenous agents of RNA interference. Accumulating evidence has shown that dysregulation of the expression of some miRNAs plays an essential role in the development and progression of various cancers (5) , which suggests that these miRNAs have oncogenic or anti-oncogenic functions. Moreover, several miRNAs have been shown to be involved in brain physiology and tumorigenesis, including glioma (6, 7) . miR-145 has been reported to function as a tumor-suppressive RNA in glioma, and several gene targets of miR-145 playing a role in gliomas have been identified, including Sox9, adducin 3 (ADD3), ADAM17, and NEDD9 (8) (9) (10) (11) . However, the mechanism by which miR-145 regulates glioma has still not been fully uncovered.
The reorganization of the actin cytoskeleton leads to cellular morphological changes, as well as alterations in cellular functions, including proliferation, adhesion and migration (12, 13) . Rho family proteins interact with the actin cytoskeleton, and are hence involved in the regulation of the cytoskeleton reorganization (14) . As a downstream effector of Rho, the Rho-associated protein kinase (ROCK1) is a serine-threonine protein kinase. It was shown that when ROCK1 binds to the active GTP-bound form of Rho, it is activated and then interacts with the actin cytoskeleton to promote the formation of stress fibers, as well as focal adhesion. Moreover, ROCK1 has been reported to provide a feedback mechanism and regulate the activity of upstream proteins Rac1 and RhoA, which act as key regulators in the reorganization of the actin cytoskeleton (15) . Since the reorganization of the actin cytoskeleton plays a role in cancer cell migration and invasion, ROCK is believed to be involved in the process of cancer invasion and metastasis. In fact, ROCK1 has been reported to associate with several types of malignant tumors, including osteosarcoma, prostate carcinoma, and bladder cancer (16) (17) (18) . However, its exact role in glioma remains unknown.
The present study identified, for the first time to the best of our knowledge, the ROCK1 gene as a direct target of miR-145, and showed that this microRNA can inhibit U87 glioma cell invasion, at least partially via downregulating the RhoA/ROCK1 pathway. Cell culture. Human glioma cell lines U251 and U87 were purchased from the Cell Bank of the Chinese Academy of Science and cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37˚C with 5% CO 2 .
Materials and methods

Reagents
Transfection. Lipofectamine 2000 was used in the transfection experiments in accordance to the manufacturer's instructions. Briefly, 10 5 cells were harvested, resuspended, seeded in a 6-well plate and cultured at 37˚C, 5% CO 2 for 24 h. The U87 cells were transfected with 200 nM miR-145 mimic or negative control (NC) miRNA mimic, or 4 µg of the pcDNA3.1 + -ROCK1 plasmid.
RNA extraction and quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
The TRIzol agent was used to extract total RNA from tissues and cells. To detect mature miR-145 expression, the TaqMan MicroRNA Assay kit was used in accordance with the manufacturer's instructions. All reactions were run in a 7500 Fast Real-Time PCR system (Life Technologies, Waltham, MA, USA). Independent experiments were repeated three times for each sample and the relative expression levels of genes were assessed by using a comparative Ct method. For mRNA quantification through qRT-PCR analysis, we followed the manufacturer's protocol and used Platinum ® RTS SYBR ® Green qPCR SuperMix-UDG and the following specific primers: ROCK1, 5'-GGTGGTCGGTTGGGGTATTTT-3' (forward) and 5'-CGCCCTAACCTCACTTCCC-3' (reverse); glyceraldehyde phosphate dehydrogenase (GAPDH), 5'-ACAACTTTGGTATCGTGGAAGG-3' (forward) and 5'-GCCATCACGCCACAGTTTC-3' (reverse).
Luciferase activity assay. To determine whether ROCK1 is a direct target of miR-145, the pGL3 Luciferase Reporter vector was used. The putative target sequences on the 3'-UTR of ROCK1 were analyzed by TargetScan (19) . The primer sequences for the wild-type 3'-UTR of ROCK1 were: 5'-CGCG GCCGCTAGTCTGTGGAATCGTGTGGGAT-3' (forward) and 5'-CTAGATCCCACACGATTCCACAGACTAGCG GCCGCGAGCT-3' (reverse). The QuikChange Site-Directed Mutagenesis kit was used based on the manufacturer's protocols to construct the mutant 3'-UTR of ROCK1, bearing a three-nucleotide substitution (UGG to CAA) within the miR-145 target sequence ( Fig. 2A ).
For the luciferase activity assay, we co-transfected U87 and U251 cells with miR-145 mimic and the pGL3 Luciferase Reporter vector bearing either the wild-type or the mutant type 3'-UTR of ROCK1. Luciferase activities were determined by the Dual Luciferase assay 24 h after transfection according to the manufacturer's instructions. All experiments were performed in triplicate.
Invasion assay. Cells were harvested and resuspended in DMEM without FBS. For the invasion assay, 2x10 5 cells were added into the upper Transwell chamber, where DMEM without FBS was added. DMEM containing 10% FBS was added to the lower chamber. After incubation for 6 h, cells were fixed with 3.7% formaldehyde and stained with crystal violet staining solution. The cells that had not passed through the 8.0-µm pore polycarbonate membrane between the chambers were removed. Five fields of the lower surface of the membrane were randomly selected to determine the number of cells that passed through the membrane.
Western blotting. Glioma tissues or U87 cells were solubilized in cold radioimmunoprecipitation assay lysis buffer. Then, proteins (15 µg per lane) were separated with 10% SDS-PAGE, and transferred to a polyvinylidene difluoride membrane. Membranes were then blocked in 5% non-fat dried milk in phosphate-buffered saline solution with Tween 20 (PBST) for 4 h and then incubated for 3 h with mouse anti-ROCK1 monoclonal antibody (1:400), or mouse anti-GAPDH monoclonal antibody (1:200). After incubation with rabbit anti-mouse secondary antibody (1:40,000) for 40 min, enhanced chemiluminescence reagent was used to detect the signals on the membranes. We then used the Image-Pro ® Plus 6.0 software (Media Cybernetics, Rockville, MD, USA) to perform gray scale scanning, and calculate the relative values of protein expression.
Statistical analysis. Statistical analyses were performed with the SPSS 17.0 software (IBM, Armonk, NY, USA). Quantified data are expressed as mean of at least triplicate samples ± standard deviation. One-way analysis of variance or Student's t-tests were applied to assess the statistical significance of observed differences. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-145 expression is significantly reduced in glioma tissues
and U87 and U251 cells. To investigate the biological significance of miR-145, we first applied qRT-PCR to determine its expression in 20 glioma and their matched adjacent tissue samples, and found that the miR-145 level is significantly reduced in glioma tissues, compared to the matched adjacent tissues (Fig. 1A) . Next, the expression level of miR-145 was examined in the glioma cell lines U87 and U251, as well as in normal brain tissues. As demonstrated in Fig. 1B , the expression of miR-145 was markedly reduced in U87 and U251 cells compared to normal brain tissues. These findings suggest that miR-145 might act as a tumor suppressor in malignant glioma. To further investigate the regulatory role of miR-145 in glioma, we applied bioinformatic analysis to predict its targets, and the TargetScan software analysis identified the gene ROCK1 as a putative target of miR-145 ( Fig. 2A) . The ROCK1 protein has been suggested to play a role in cancer cell migration, and the combination of ROCK1 inhibition and an anti-neoplastic agent has been recommended for glioma treatment (20, 21) . Thus, we hypothesized that miR-145 may be involved in the regulation of glioma cell invasion by directly targeting ROCK1. To verify this hypothesis, we transfected U87 and U251 cells with miR-145 mimic, and determined the expression level of ROCK1 by western blotting. As shown in Fig. 2B , miR-145 significantly reduced the ROCK1 protein level compared to the control group (non-transfected cells), while transfection with the NC miRNA had no effect. To further investigate whether a direct interaction exists between miR-145 and ROCK1, the luciferase activity assay was performed. As demonstrated in Fig. 2C , co-transfection of U87 and U251 cells with miR-145 along with the wild-type 3'-UTR of ROCK1 caused a notable decrease in luciferase activity; while this activity was not affected by co-transfection with miR-145 and the mutant 3'-UTR of ROCK1. Based on these findings, we conclude that ROCK1 is a direct target of miR-145, and miR-145 can inhibit ROCK1 protein expression. The expression of ROCK1 is markedly increased in glioma tissue and in U87 and U251 cells. We further performed qRT-PCR and western blotting assays to determine the mRNA and protein levels of ROCK1 in glioma tissues, their matched adjacent tissues, as well as in U87 and U251 cells. As demonstrated in Fig. 3A , the ROCK1 mRNA level in glioma tissues was higher than that observed in their matched adjacent tissues. In addition, ROCK1 mRNA expression was upregulated in U87 and U251 cells compared to normal brain tissues (Fig. 3B) . The qRT-PCR results were confirmed by western blotting analysis, which demonstrated that ROCK1 is also upregulated at the protein level in glioma compared to matched adjacent tissues, as well as in U87 and U251 cells compared to normal brain tissues ( Fig. 3C and D) .
Overexpression of ROCK1 attenuates the suppressive effect of miR-145 on U87 cell invasion. To verify our hypothesis that miR-145 inhibits the invasive ability of U87 cells in a ROCK1-dependent manner, we transfected U87 cells with miR-145 mimic and the pcDNA3.1 + -ROCK1 plasmid. The effect of transfection was confirmed by western blotting (Fig. 4A) . The invasion assay showed that miR-145 significantly reduces the invasive ability of U87 cells, while ROCK1 overexpression partially, but not significantly, rescues this phenotype (Fig. 4B) .
It has been well established that MMP2 and MMP9, secreted by cancer cells, play crucial roles in cancer invasion and metastasis (22) . Thus, we used an ELISA assay to examine the protein levels of the two proteins in the culture medium. As shown in Fig. 4C , the protein levels of MMP2 and MMP9 were markedly and significantly reduced in U87 cells transfected with miR-145 mimic, as compared with the control group. ROCK1 overexpression also attenuated the inhibitory effect of miR-145 on MMP2 and MMP9 secretion, albeit again not in a significant manner.
To further investigate the molecular mechanism underlying the miR-145/ROCK1-mediated reduction in U87 cell invasion, we focused on the Rho/ROCK pathway, which has been found to associate with cancer metastasis by regulating the actin cytoskeleton reorganization. As shown in Fig. 4D , enhanced expression of miR-145 notably reduced the protein expression of RhoA in U87 cells, while ROCK1 overexpression attenuated this effect.
Discussion
Accumulating evidence has recently revealed the crucial suppressive role of miR-145 in various types of cancer, including bladder, urothelial, breast, prostate and colon carcinoma (23) (24) (25) . In this study, we found that in glioma tissues classified as high grade based on World Health Organization (WHO) standards, as well as in the glioblastoma cell lines U87 and U251, the expression level of miR-145 is significantly reduced compared to normal brain tissues. Our findings are consistent with other studies (8, 26) . For instance, Lee et al showed that miR-145 is downregulated in gliomas, and its low expression in glioblastomas predicts poor prognosis (6) . Based on these and our findings, we suggest that miR-145 may play an essential role in glioma progression.
Recently, Rani and colleagues reported that miR-145 inhibits the proliferation, adhesion and invasion of glioblastoma cells by targeting the oncogenic proteins Sox9 and ADD3 (8) . Lee et al showed that miR-145 regulates glioma cell migration by targeting CTGF, which further reduces the expression of SPARC, an important extracellular protein involved in cancer cell migration (26) . In addition, NEDD9 and ADAM17 were also recently identified as targets of miR-145, and might become important biomarkers of glioma progression (11) . Despite these findings, the detailed role of miR-145 in glioma progression still needs to be fully investigated.
Since miR-145 has been shown to act as a suppressor in glioma, mainly via inhibiting the protein expression of its targets, we hypothesized that a few of its targets that participate in miR-145-dependent regulation of biological processes in glioma cells might not have been identified yet. As ROCK1 has been suggested to associate with several types of cancer through its regulatory role in cytoskeleton reorganization (27) , we investigated whether ROCK1 is a miR-145 target in U87 cells, as suggested the bioinformatic prediction based on the 3'-UTR sequence of this gene. Western blot analysis, as well as the luciferase reporter assay data, confirmed that ROCK1 is a novel, direct target of miR-145. We further showed that ROCK1 is upregulated in malignant glioma tissues and in the U87 and U251 cell lines, while transfection with miR-145 led to a decrease in its protein level in U87 cells. These findings indicate that ROCK1, directly regulated by miR-145, may be associated with glioma progression.
As the Rho/ROCK pathway has been found to be involved in the progression and metastasis of several types of cancer (28, 29) , we further investigated its implication and showed that miR-145 has a suppressive effect on U87 cell invasion, at least partially by downregulating the RhoA/ROCK1 pathway. Notably, we found that miR-145 not only inhibits ROCK1 gene and protein expression, but also downregulates the expression of the upstream small GTPase RhoA at the protein level, indicating that ROCK1 may have diverse effects on the functional balance of small GTPases. Tang et al recently also proposed a feedback regulation mechanism for ROCK1 and RhoA (30) . Moreover, the specific ROCK inhibitor Y-27632 was shown to inhibit tumor growth and metastasis (31) , which renders this inhibitor a promising agent for the targeted therapy of glioma.
In conclusion, the present study provided evidence, for the first time to the best of our knowledge, that miR-145 can inhibit invasion of glioma cells, at least partially through its inhibitory effect on the Rho/ROCK1 pathway. More importantly, since some compounds have been reported to act as ROCK1 inhibitors, ROCK1 may constitute the new molecular target for the treatment of glioma.
